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SPUTTER DEPOSITION OF HYD R OGEN ATED A MORPMOUS C ' ARBOjsn LJ\ 1 

AND APPTJC ATIONS THEREOF 



ABSTRACT 



The present invention relates to a method of reactive sputtering for deposing an 
amorphous hydrogenatcd carbon film (;i-C:M) I'mm ;in 
"argon/hydrocarbon/hydrogen/oxygen piaxma. picferabiy ;m 
Ar/acctyicnc-hcliuni/hydr(^cri;o\\;eeii plasma. Sm-h films arc npiic;dl\ itanspatcni 
the visible range and partially absorbing - lI ulua\miei (UV) and deep i ! V (!>l!V) 
wavelengths, in particular, .V>5 and I'M nm. Morrmrr, the films pnulncod by i 

present invention arc amorphous hard, scratch icsistanK ;md cichablc b\ cxcmicr l;i 
ablation or by oxygen reactive inn etch proofs. lUvaiixe of these unique properties, 
these films can be used to fmm :i p;it i*m mciI .-d^.nU-i P«m I 'V ;md HUV single lawi 
attenuated phase shift m;i^k^. film abs,npii..n ■ mm mK*» Iv incrcasi-d -.»<• h ih.-n ihrs.- 
films can be used to fabricate conventional pli.»t. .lii h«i!»i .aphic sh:i.l.u\ <»> r>U. 



Y0994-276 



IBM Confidential 



Vy/ Date of Deposit: January 26, 1995 

o < x 

SPUTTER DEPOSITION OF HYDROCENATED AMORPHOUS CARDON FILM 

AND APPLICATIONS THEREOF 



FIELD OF THE INVENTION 

The present invention is directed to methods of sputter deposition of amorphous 
hydrogenatcd carbon films. 

BACKGROUND OF THE INVENTION 



Phase shift masks will be playing an important role in the fabrication of the next 
generation or microprocessors and high density 256 Mb to IGb DRAM memory chips. 
Phase masks will improve the lithographic ground rules and hence the performance or 
circuits al some critical levels by increasing exposure depth-of-focus or the optical tools. 
This will allow printing of higher aspect ratio profiles in photoresist without sacrificing 
feature sharpness. Phase masks also may be used for producing small (0.25 /mi) 
transistor gates enhancing circuit speed. Furthermore, by improving mask performance 
by phase shirting, the life or optical look in a mniuiliiclui ing environment will be 
prolonged at considerable cost saving. 

Out of the several phase mask schemes proposed, the single layer attenuated shifter 
proposed by Burn .1. Lin, Solid Stale Technology, January issue, page 43 (1992), is 
gaining wider acceptance because or its inherent case of fabrication. In this case, only a 
single layer is required with a transmission between 5 and 10 % Tor I80 c phase shift al 
the feature mask edges. 
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At I-Linc, 365 nm, a single layer Cr embedded shifter has been proposed by F.D. Kalk 
et al., Photomask Japan 1994, Japan Chapter of SPIE, Kanagawa Science Park. 
Kanagawa, Japan 1994. 

Also, at 365 nm a MoSuO y N z (moly-silteon oxy ntridc) single layer Films have been 
proposed with acceptable performances by Y. Saito ct al., Photomask Japan '94. Japan 
Chapter of SPIE, Kanagawa Science Park, Kanagawa, Japan 1994. 

At DUV, (deep ultra violet), 248 nm, however these nitride and oxy-nitridc materials 
have low transmissivity. Thus, a Si 3 N 4 (Si) Film has been proposed as single-layer 
attenuated phase shifter materia! by S. !lo ct ah, SPlE's 1994 Symp. on 
Microlithography, San Jose, California, because il can achieve higher ti ansmi<^i\ ity at 
248 nm. The main problem associated with the moly-silicon-oxynitridcs and silicon 
nitride-silicon materials is that the reactive gas used to etch ihc Film also etches the 
quartz substrate producing unwanted phase changes. If an additional Him is deposited 
on the quartz to act as a RIE etch stop, then process complications and cost arc 3<L\dcd 
to the mask fabrication. 

The chlorine based gas used to etch Cr oxides as in the embedded shifter arc known to 
be unreliable and difficult to control. Also, environmental and safely issues associated 
with the chlorine gas and the hcxavalcnt Cr compounds arc in question. 

An alternative a-C.H Film has already been proposed by A. Callcgari ct al., J. Vac. Sci. 
Tcchnol. 11,2697 (1994) and US Patent Application Serial No. 08/001,374 Filed on 
January 7, 1993. Such a Film is safely etched in an oxygen plasma and or by using 
excimer laser ablation and can meet the phase and transmission requirements at UV and 
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DUV. This is achieved by controlling the ratio of diamond to graphitic content in the 
film by changing the process parameters. 

The a-C:H films described in the previous invention were deposited by plasma enhanced 
chemical vapor deposition (PECVD). It -has been reported by G.S. Sclwin ct al., Appl. 
Phys. Lett., 57, 1990, that such plasmas tend to generate a high number or particles 
which arc attracted by Coulomb forces to the substrates. This results in unwanted 
detects on the masks. Dark Cr masks that arc manufactured today have a very low 
particle count, i.e. less than 30 particles per 6 inches square plate. Today, all the mask 
blanks manufactured for the semiconductor industry use sputtering as the preferred 
deposition method to minimize the level of particle contamination. 

The method of reactive sputtering from a graphite target has been reported in 
LEYBOLD's Electronics Newsletter No. 4, 12/93, page 14, In this publication reactive 
sputtering occurs in a Ar/acctylcuc/hydrogcn plasma mixture. In this case a bins is 
applied to the substrate to obtain higher Him density and hardness. 

Another method, by K.J. Schulz and P.O. Scqucda is described in the IBM technical 
Disclosure Bulletin, vol. 37 No 06A, June 1994, page 423. This process utilizes low 
frequency (30- 1. SO KHz) AC power with magnetron sputtering targets and deposition 
occurs both from sputtering from a graphite target and PECVD of hydrocarbon feed 
gases such methane. 

All the processes described above arc optimized for coaling magnetic memory devices 
such as a recording magnetic disk. a-C:H film depositions arc optimized to achieve a 
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low friction coefficient between the recording magnetic head and the carbon coated 
magnetic disk. 

It is an object of the present invention to provide a method of sputtering a-C:H film 
which has the required optical properties to form UV (ultraviolet, e.g., I-Linc 365 nm) 
and DUV (deep ultraviolet, e.g. 248 and 193 nm) attenuated phase shift masks. This 
method therefore can be easily extended to the current manufacturing tools used in the 
mask blank industry without incurring extra costs or tool/process development. 

It is another object to carry out the depositions by sputtering from a graphite target in 
a Ar/hydrocarbon/hclium/liydrogcn/oxygcn mixture, preferably with the hydrocarbon 
being acetylene diluted in He. The reactive hydrocarbon gas helps to make the film 
with properties similar to PECVD films, such as to achieve higher index or refraction. 
The hydrogen and oxygen help to increase film transmission. The Ar based sputtering 
process alleviates the particulate contamination issue associated with a purely PECV D 
process. 

It is another object of the present invention to provide a method of reactive sputtering 
where the film optical properties at UV and DUV ;uc optimized to meet the 
requirements of an attenuated phase mask and a conventional mask for use in the 
fabrication of semiconductor devices. The process gas chemistry and the process 
parameters in general arc uniquely optimized to achieve the required optical properties. 

SUMMARY OF THE INVENTION 
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A broad aspect of the present invention is a method of sputter deposition of an 
amorphous hydrogenated carbon film. 

A more specific aspect of the method according to the present invention is depositing a 
hydrogenated amorphous carbon film onto a substrate by reactive sputtering from a 
graphite target in an Ar/hydrocarbon/hydrogcn/oxygcn plasma. 

More specifically, the a-C:H films arc deposited onto a substrate by employing Ar, a 
- small amount of hydrogen, acetylene which is heavily diluted with He as the earner gas 
and an optional small amount of oxygen. The films produced herein arc optically 
transparent but partially absorbing at 365, 248 and 193 inn making them extremely 
useful for single layer attenuated phase shift mask applications. Additionally, the films 
formed by the present invention arc readily etched by oxygen reactive ion etching or 
laser ablation processes therefore facilitating patterning for mask applications. 

Another more specific aspect of a method according to the present invention is 
depositing an amorphous carbon film onto a substrate by reactive sputtering which 
comprises the steps of: admixing of Ar, hydrogen, optionally a small amount of oxygen 
and hydrocarbon and helium gases; providing a reactive sputter chamber containing a 
graphite target and the substrate; ami introducing the above process gas mixture into the 
chamber; and applying a tic bias potential to the graphite target to initiate a plasma and 
deposit the a-C:H film on the substrate by reactive sputtering of the target. 

More specifically, the present invention provides a method of depositing an amorphous 
carbon film by using a gas mixture which comprises Ar, hydrogen, oxygen and acetylene 
heavily diluted with He to rcactivcly sputter the film from a graphite target. By 
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employing this method, the amorphous carbon Him produced is optically transparent 
but partially -absorbing at UV and DUV. More specifically, the UV and DUV 
transmission associated with the film thickness required Tor an 180 degrees phase shift 
at the mask feature edges can be modulated to be between 5 and 10 % at 365, 248 and 
193 nm. Also a transmission of less than 1% can be obtained at DUV making these 
films usable as conventional photolithographic masks at these wavelengths. Possible 
mask fabrication flow charts arc also included. 

DRIEF DESCRIPTION OF THE DRAWINGS 

Further objects, features, and advantages of the present invention will become apparent 
from a consideration of the following detailed description of the invention when read in 
conjunction with the drawings (FIGs.), in which: 

Fig. I is a schematic diagram of a sputter deposition apparatus useful to practice the 
present invention. 

Fig. 2 shows a plot of optical density versus wavelength for an amorphous carbon film 
formed according to the present invention. 

Fig. 3 shows a plot of the phase angle signal as a function of mask displacement. 

Fig. 4 and Fig. 5 shows a plot of optical density versus wavelength for another 
amorphous carbon film according to the present invention. 
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Fig. 6 schematically shows a process using RIE etching Tor fabricating a phase shift 
mask according to the present invention. 

Fig. 7 schematically shows a process using an electron beam for fabricating a phase shift 
mask according to the present invention. 

Table 1 shows a table of process parameters and optical properties at 257 am. 

Table 2 shows a table of process parameters and optical properties at 248 am. 

DETAILED DESCRIPTION 

The present invention relates to a method of producing a high quality hard 
hydrogenated amorphous carbon Film to be used as a single layer attenuated phase shift 
mask absorber, by reactive sputtering from a graphite target. The optical properties at 
UV and DUV and the lithographic features of the Film produced by the present 
invention arc vastly superior to those obtained by other Films such as 
moly-silicion-oxynitridc, silicon nitride-Si and Cr embedded shifter described earlier. 
Thus, quartz substrates coaled with the amorphous carbon Tilm of the present invention 
arc extremely useful as mask blanks for fabrication into allciumicd phase shift masks 
to be used at UV and DUV wavelengths. 

Fig. I is a diagram of a sputter deposition apparatus X that can be used to deposit the 
amorphous carbon Film of the present invention. The apparatus includes a sputtering 
chamber 10, having a throttle valve 9 which separates the reactor chamber 10 from a 
vacuum pump not shown. A graphite sputtering target 19 is mounted to the reactor 
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chamber 10. Permanent magnets 20 arc located on the backside of the target to enhance 
plasma density during the sputtering. The sputtering target is electrically connected to 
a DC power supply 14. An ion gun 17.is mounted to the reactor chamber 10. The inlet 
16 allows Ar gas to flow into the ion gun. A quartz substrate 12 is mounted on the 
sample holder 13 which can translate it back and forth in front or the sputtering target 
or the ion gun by virtue of being mounted on the mechanical drive 13. During ion beam 
cleaning the substrate translates back and forth in front of the ion gun 17 so as to 
achieve a uniform cleaning. During reactive sputtering the substrate 12 translates back 
and forth in front or the sputter target 19 so as to achieve uniform Him deposition. 

The reactor chamber 10 also contains conduits 20, 21. 22 and 23 for introducing various 
gases into the reactor chamber 10. For example, the pre-mixed hydrocarbon helium gas 
mixture, hydrogen and the oxygen gas arc introduced into the reactor chamber 10 
through conduits 21, 22 anil 23, respectively, while Ar gas for ion beam cleaning and 
sputtering is introduced through conduit 20. 

The hydrocarbon gas used in the present invention may be any hydrocarbon compound 
which is first capable of being gaseous and then able to form a plasma at the reaction 
condition employed in the present process. The term hydiocaibon implies that the 
molecules which make up the compound contain only carbon and hydiogcn atoms. In 
accordance with one embodiment or the present invention, saturated or unsaturated 
hydrocarbon compounds may be employed by the present pioccss. By definition, a 
saturated hydrocarbon compound is a compound whose molecules contain only carbon 
single bonds while an unsaturated compound is a compound whose molecules contain 
carbon double or triple bonds. Suitable hydrocarbons contemplated by the present 
process includes alkancs, alkencs, and alkyncs. 
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An alkanc is defined herein as a compound whose molecules contain only single bonds 
between carbon atoms. Suitable alkanes which may be employed by the present process 
include compounds such as methane, ethane, propane, butane, and the like thereof. Of 
these alkanes, methane is most particularly preferred. 

Alkcncs arc defined herein as compounds whose molecules contain a carbon-carbon 
double bond. Alkcnc compounds which may be employed by the present process include 
compounds such as clhcnc, propene, isobulcnc, n-bulcnc and the like thereof. 

An alkync compound is defined herein as a hydrocarbon whose molecules contain a 
carbon-carbon triple bond. Suitable alkyncs employed by the present process include 
acetylene, ptopync, l-bulync, 2-bulync and the like thereof. Of these alkyncs, acetylene 
is most particularly preferred. 

It is especially preferred embodiment of the present invention Hint the preferred reactive 
hydrocarbon gas which is employed in forming the amorphous carbon film is acetylene. 
Additionally, it should be recognized Hint mixtures of hydrocarbon gases such as 
acclylcnc/mcthanc may also be contemplated as the reactive hydrocarbon gas of the 
present invention. More preferably,' the hydrocarbon is diluted with helium such as the 
final concentration of hydrocarbon in the admixture is from I lo about 10%. Most 
preferably, the hydrocarbon constitutes about 2% of the overall gas mixture. 

Gases employed by the present invention preferably have a purity greater than about 
95.5%. In a preferred embodiment, the gases have a purity in the range from about 98.5 
to about 99.99%. Most preferably, the gases have a purity of about 99.99%. 
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The high purity diluted hydrocarbon gases arc pre-mixed in the same gas cylinder before 
being introduced in the reaction chamber. The argon, hydrogen, oxygen and 
hydrocarbon/helium gases arc introduced into the chamber by first passing them 
through separate flow controllers at a sufficient flow to provide a total pressure of the 
process gas mixture from about 1 mTorr to 50 mTorr. To provide the most effective 
amorphous carbon Him it is preferred that the pressure of the process gas mixture be 
about I - 20 mTorr. The above conditions can also be obtained by introducing the 
hydrocarbon-helium gases separately through flow controllers or by prcmixing the Ar, 
hydrogen, oxygen, hydrocarbon/helium in several gas cylinders in any possible safe 
-combination providing the desired sputtering pressure. More preferably the argon, 
oxygen, hydrogen and hydrocarbon/helium mixture arc introduced into the chamber 
though separate flow controllers. 

Suitable substrates which may be coated with the amorphous carbon film of ihc present 
invention include materials such as plastic; metals; various types of glass; magnetic 
heads; electronics chips; electronic circuit boards; semiconductor devices and the likes 
thereof. The substrate to be coated may be any shape or size provided that the substrate 
may be placed into the sputtering chamber apparatus. Thus, regular or irregular shape 
objects having any dimension may be used in the present invention. More preferably the 
substrate is a quartz or glass plate used in the production of photolithographic masks 
used for fabricating semiconductor devices. 

The substrate is mounted on the substrate holder inside the reactive sputtering chamber 
of the sputter device. The reactive sputtering chamber is then tightly scaled and 
evacuated until a pressure reading in the range of about IXIO 4 to about 1X10 lorr 
is obtained. 

Y0994-276 - 10 - 
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After evacuating the reaction chamber to the desired pressure range mentioned 
hereinabove, the substrate can be optionally heated to a temperature from 25 to 40(TC. 
Most preferably, the substrate is held at a constant temperature of 25°C throughout the 
entire deposition process. 

The substrate material used may be optionally subjected to in-situ ion beam cleaning 
using the ion gun mounted on the chamber, prior to depositing the amorphous carbon 
Him. Suitable cleaning technique employed by the present invention include plasma 
sputtering or ion beam cleaning with hydrogen, argon, oxygen, nitrogen or mixtures 
thereof, performed singly or in a suitable sequential combination. 

Alter achieving the desired pumpdown pressure, the admixed gases arc introduced into 
the reactive sputter chamber at a total Row rale of about I to 100 seen. More preferably 
the How rate proportion of the reactive gas mixture (namely the acetylene diluted in He) 
is from 5 to 100 seem, the now rale of the sputtering gas (namely A.) is from I to 100 
seem, and the now rale or the hydrogen and the optional oxygen gns is from 1 to 10 
seem. Most preferably, the now rale of the admixture of hydrocarbon and helium is 
about 21 seem, the now rate or the Ar sputtering gas is about 7 seem, and the now rate 
or hydrogen and the optional oxygen gases each is about 1 seem. The mixture is 
introduced into the reaction chamber at a pressure <>r about I to 20 mTorr. It is another 
preferred aspect of the instant invention that the admixture be introduced at a pressure 
of about 7 mTorr. In order to obtain a reactive sputtering plasma or the gas mixture, 
the graphite target was held at a fixed dc bias voltage from about 300 to X00 Volt 
throughout the deposition process. Most preferably, the cathode bias was maintained 
at about 500 Volt throughout the process. This voltage is supplied to the target by using 
a dc power supply source. The power density applied to the sputter target is from 0.8 
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to 19.4 W/cm 3 . Most preferably, the power density employed by the present invention 
is maintained at about 2W/cm 3 throughout the deposition process. The amorphous 
carbon film is deposited onto the substrate at a rate such as that an essentially 
continuous coating of the Him on the substrate is obtained. More specifically, by 
employing the previously mentioned operation parameters, the amorphous carbon film 
is deposited onto the substrate at a rate of about 20 to 400 A/min. Most preferably, the 
rate of depositing the amorphous carbon film onto the substrate is at a rate of 66 A/mm. 



In accordance with the present invention, the amorphous carbon film deposited on the 
substrate arc from 500 to 5000 A thick. More preferably, the thickness of the amorphous 
carbon film coaling is from 1000 to 2500 A. It should be noted that by changing the 
resultant film thickness and/or the hydrogen content the transmission of the film can 
be changed. Thus, it is quite possible to make a substrate with a defined transmission 
by merely increasing or decreasing the thickness and/or the hydrogen content of the film 
by using a process gas containing hydrogen. The preferred transmissivitics of the 
amorphous carbon film prepared by the present process arc in the range from about 5 
to 10% at a wavelength of 365, 248 and 193 inn which correspond to a film thickness 
of about 1000 to 2500 A. 

After depositing the amorphous carbon film onto the substrate, the coated material 
depending on the specific application may or may not be annealed. Annealing typically 
involves healing the substrate in an atmosphere of Ai /hydrogen from 100 lo 400^. 
Most preferably, the amorphous carbon film is not annealed. 
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The amorphous carbon films of the present invention also provide a substrate with an 
extremely hard protective coating. The films are optically transparent at wavelengths of 
about 550 to about 750 nm, and arc partially absorbing from 190 to 500 nm. 

Mainly, the amorphous carbon film formed by the present invention can be used as an 
ideal absorber for UV (365 nm) and DUV (24S and 193 nm) single layer attenuated 
phase shin masks. Such phoLomasks will be used as a replacement for chrome mask 
blanks in the fabrication of some critical levels of future semiconductor chips. These 
masks will enhance the optical performance of the optical lithographic tools. 

The carbon photomasks can be laser ablated using high Hucnccs of !93 nm laser 
radiation or reactive ion etching in oxygen. The etch rate ratio between carbon and 
photoresist in an oxygen reactive ion etch (R1E) process is about 1:2. This means that 
carbon photomask can be etched and patterned using conventional techniques. 
Repairing defective masks for missing film defects is possible because carbon can be 
deposited by focused ion beam methods. Repairing opaque defects, i.e. removal or 
carbon from an unwanted area is possible by laser ablation. Thus, other supporting 
processing means exist today to produce defect free masks, as and when the carbon film 
of the right optical properties is produced by the method taught by the present 
invention. 

In the phase shift mask technology, in order to reduce interference effects at the mask 
Tcaturc edges and thus increase resolution of photoresist profiles, the following carbon 
film thickness is required: 

d = (i/2)/(n - I) (>) 
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where d is the film thickness measured by profilomctry, X is the wavelength of the 
radiation used in the imaging process, and n is the index or refraction or the Him at that 
wavelength. In general n values ranged between 1.6 and 2.2. More commonly the n 
values were between 1.71 and 1.78 at DUV. When hydrogen is added to the process the 
index or redaction decreases and film transmission increases. For the processes used 
here transmissivities between 4 and 10% at UV and DUV can be easily obtained. 

The carbon films or the present invention have low reflectivity or 9- 1 1 % at 24S. nm 
which will serve to reduce the unwanted flare reflected Horn the reticle/mask. 

The following examples arc given to illustrate the scope of the present invention. 
Because these examples arc given for illustrative purposes only, the invention embodied 
therein should not be limited thereto. 

HXAMPLU 1 

The following example is given to illustrate the process of depositing an amorphous 
carbon film onto a substrate, preferably quartz, by reactive sputtering from a graphite 
target in a argon/hydrogcn/acctylcnc/hclium mixture. 

The experiments were carried out for depositing the amorphous carbon film on one inch 
round quartz discs, on 5 inches x 5 inches x ().()9()"thick ami 6 inches x 6 inches x 0.2M) 
inch thick quartz plates. The substrates, which were already prcclcancd, were blow dried 
with (filtered) nitrogen gas to remove residual particulates before being loaded on the 
substrate holder of Fig. I. Thereafter, the system was evacuated to a base pressure 
reading or about lxlO' 6 Torr or lower. The substrates were first ion beam cleaned ror 
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3 min at 500 V, 1 ma/cm 1 of beam current density at I mTorr of pressure to ensure good 
adhesion of the carbon Him to the quartz substrates. The amorphous carbon films were 
deposited from a mixture of argon/hydrogcn/acctylcnc-hclium gases, in a How rate ratio 
of 7/1/21 seem respectively, (Process 388, Table I), at a power density of 1.94 \V/cm2, 
and a pressure of 7 mTorr. The gases employed in the present process have a purity of 
greater than about 99.99% and furthermore the hydrocarbon/helium gas mixture 
comprises 98% acetylene and 2% helium. The amorphous carbon film was deposited 
onto the substrates at a rate of about 66 A/min. The process was stopped after a film 
thickness of about 1600-1700 A was obtained. 

l-XAMI'Li: 2 

The following example illustrates the optical properties of the amorphous carbon film 
formed by reactive sputtering from a graphite target in an argon/hydrogcn/acctylcnc- 
hclium mixture. The optical properties or the subsumes coaled in the manner described 
in Example I , that arc measured in this example arc: I) the optical density OD. 2) the 
percentage transmission T%, 3) the phase angle f. and 4) the index of refraction n. The 
optical density OD is defined as the logarithm to the base 10 of the transmission T 
through the film, where T is defined as .the ratio of the intensity of transmitted light to 
the intensity of the incident light. Thus: 

OD=log l(1 T < 2 > 

and 

T=l0- <m P) 
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Furthermore, the optical density is directly proportional to the film thickness through 
the equation: 

OD = ad ( 4 ) 

where a is the linear absorption coefficient which is a property or the material dependent 
on the wavelength at which it is measured. Optical densities in this example arc 
measured using an IBM Instruments Model// 9420 UV- Visible spectrophotometer in 
the wavelength range from 900 to 200 nm. A typical spectrum is shown in Fig. 2 

Phase angles of the amorphous carbon film were measured directly by a two beam laser 
interferometer operating at 257 nm. A description of this setup is found in the work by 
D. Dove ct ah, Proc. 12th Annual DACUS, SPIE, Sunnyvale CA., Sept. 1992. In this 
technique about 1 mW of radiation at 257 nm is obtained by passing several watts of a 
green light beam at 514 nm from an Ar ion laser through a frequency doublcr. The spots 
at the substrate arc about 30 //m in diameter and arc separated by 300 /im. Direct phase 
measurements were obtained by comparing the difference in the optical path of the 
beams going through the quartz and the a-C:H coated regions on the quartz. This was 
achieved by slowly moving the two beams across a sharp a-C:H/quartz step. These 
sharp steps were formed by oxygen reactive ion etching the amorphous carbon film 
through a photoresist stencil defined by standard photolithography. Data from phase 
measurement using this setup arc shown in Fig. 3. 

Phase angle measurements on a-C:H films deposited on quartz substrates were used to 
calculate the refractive index, n, of the film by rewriting Eq. (I) as: 

n = 1 + X{<l>)lt\ ( 5 ) 
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where A(<j>) is the measured phase angle <f> in degrees converted into a fraction of 
wavelength according to the equation, 

X{<h) = AX{<f>/360) ( 6 ) 

general n value ranged between 1.75 and 1.85 for the various process used here. The n 
values were calculated at 257 nm. We assumed that n docs not vary appreciably from 
this value at 248 nm. Furthermore, when targeting 180° phase at 248 nm a correction 
of about 6.5° should be added to the phase measured at 257 nm to account for the 
difference in wavelength. Thus, the sample shown in Fig. 3 wouid have a phase of about 
186°± 3°. 

Table 1 contains a summary of process parameters and optical properties 
described above. Note that the transmission at 488 nm is added to the tabic. In ihc 
current industry practice, masks arc inspected for delects at this wavelength by 
measuring the transmitted light through the mask. The highest transmission at 488 nm 
thai these inspection tools can tolerate is about 80"/o. it is clear that the a-C:H films 
produced by the method of the present invention meet this requirement. 

Tabic 1 represents the optical properties in the raw data form. It shows that phase 
angles or I8()°±5° arc obtained on several runs. These phase angles arc measured at 257 
nm. Thus, the corresponding right phase angles at 248 nm arc obtained by adding a 6.5" 
correction to the raw phase angles data of table I. Since phase angles and thicknesses 
arc directly proportional, we can calculate the film thickness necessary to produce 180" 
phase shift at 248 nm for the runs shown in Tabic I. Also according to Eq. (4) the 
optical density OD and film thickness d arc directly proportional through the absorption 
coefficient a. Thus, for each film thickness corresponding to a phase angle of 180° the 
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corresponding optical density can be calculated. For example, from run 3S6 of Tabic 1 
wc have an 169° phase change at 257 nm for a total film thickness of 1665 A. The 
corresponding phase change at 248 nm would be about 176°. Thus, a film thickness of 
(1 80/1 76)xl665 = 1703 A will produce the desired 180° phase change at 24S nm. The 
corresponding optical density would be OD = (1 703/1 665)x0.99 = 1.01 - The transmission 
using Eq. (3) is T = I0" OD = 0.09S or 9.8%. 

Table 2 shows film thicknesses needed for 180° phase shift at 24S nm using Eq. (I) and 
the corresponding optical properties extrapolated from the data of Tabic I. Thus, by 
choosing the proper Him thickness, transmissivitics between 4.7 and 1 1.2% can be 
obtained by changing the process parameters such as. process gas mixture. Proper film 
thicknesses deposited on quartz substrates arc achieved by careful timing of the duration 
of the reactive sputter deposition process as described in Example I. 



UX AMPLE 3 



This example illustrates how the film properties of the amorphous carbon film can be 
modified to extend its use as an attenuated phase shift mask at Mine, 365 nm, and 
DU\\ 193 nm, and a conventional mask. The processes described in Tabic 1 arc 
optimized for attenuated phase shift mask operating at 24N nm. 

First, a process is described that achieves films with a transmission between 5 and 10% 
at 365 nm. Fig. 4 shows the optical density vs wavelength of Run 381. At 365 nm an 
OD of 0.72 is obtained. The index of refraction of an amorphous carbon film at 365 nm 
was reported by Callcgari and ak, J. Vac. Sci. Techno!., I I, 2697 (1994) to be higher 
than the value at 257 nm by an amount of about 14%. Thus, the index of refraction 
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calculated from the 257nm value shown in Table 1 for Run 381 would be, n = 1.78 x 
1.14 = 2.03. Using Eq. (1), the required film thickness necessary to produce 180° phase 
shift at 365 nm is d = (365/2)/(2.03- 1) = 177.2 nrn or 1772 A. The corresponding optical 
density would be OD = (1772/1 650)x0.72 =0.77. By using Eq. (4) a corresponding 
transmission value of 17% is obtained. This number is higher than the required 10%. 
In order to reduce Him transmissivity to at least 10%, the film can be deposited at 
elevated temperatures or can be deposited at room temperature and then annealed or 
deposited at elevated temperature and then annealed. In all these cases hydrogen loss 
occurs, the amount of the tctrahcdral bonds decreases and the amount of trigonal 
graphitic bonds increases. This produces optically darker films whicli can satisfy the 
condition of a transmissivity of 10% or lower. Substrate deposition temperatures arc 
preferably between 100 and 300°C and annealing temperature arc preferably between 
100 and 400°C. 



The process shown in Tabic I, Run 390, can be used to deposit an amorphous carbon 
Him to be used as an attenuated phase shifter at 193 nm, since higher transmissiviiics 
arc achieved when hydrogen is added to the process gas mixture. 



At 193 nm the index of refraction may be lower than the ones reported in Tabic I. Here, 
wc assume n- 1.70. The extrapolated value of the optical density at 193 nm from Fig. 
5 (top curve) is 1.41. Film thickness is I 668 A. Using Eq. (I), the Him thickness 
necessary to produce 180° phase shift at 193 nm is d - ( 1 93/2)/( 1 .70- 1 ) = 137.9 nm or 
1379 A. The corresponding optical density would be OD = (l 379/1 668 )x 1 .4 I = 1.17. By 
using Eq. (4) a transmission of 6.8% is obtained. This number is within the required 
5-10% target. If hydrogen is not used in the gas mixture lower transmissivitics arc 
obtained. 
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If even higher transmissivities arc required, small amounts of oxygen can be added to 
gas mixtures. The optical density vs wavelength for a film deposited using the 
parameters shown in Table I, run 394,'but with the addition of I seem of oxygen gas is 
also shown in Fig. 5 (lower curve). This Film shows a very high optical transparency. 
It has been shown by Y, Liou ct al., Mat. Res. Symp. Proc. Vol. 162, page 109, 1990 
that oxygen enhances diamond formation at low temperatures by etching away 
graphitic contents during the chemical vapor deposition process (CVD). Thus, the same 
effect may be occuring in carbon films deposited by reactive sputtering using small 
amount of oxygen gas. Film thickness is 1740 A and extrapolated optical density is 1.12. 
Assuming n = 1.7 and using the same arguments as above a transmission of 13% is 
obtained. T hus, by changing the gas mixtures carefully transmissivities from 5 to 13% 
can be obtained at 193 nm. 

In a conventional photolithographic shadow mask, Him absorption has to be very high 
with optical densities greater than 2 or transmissivities less than 1%. Film thicknesses 
should not be higher than 2500 A because defect density may increase and pattern edge 
profiles may deteriorate. From Table I, Run 3S1 wc obtain OD = (2500/1650) x 1.37 
= 2. OS which satisfies the above requirement. Thus, al DUV, the amorphous carbon 
film can be used as conventional (no pbjtsc shift) DUV absorber. 



I-XAMI'LI- 4 



This example shows how a practical attenuated phase shift mask can be fabricated using 
the amorphous carbon film described in the previous examples. 
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The amorphous carbon film is deposited on prccleancd quartz plates which can be of 
any size. More preferable plates are 5 inches square and 0.090 inch thick, 6 inch square 
0.150 inch thick, 6 inch square and 0.250 inch thick. Most preferably the substrates arc 
6 inch square and 0.250 inch thick. Film depositions are chosen according to the 
parameters shown in Table 2. Photorcsisi is then spun onto the amorphous carbon 
coated quartz plate. Photoresist is then exposed to a laser writing tool and then 
developed. Laser writing doses not result in any substrate charging and therefore avoids 
image deformation which is a common problem with electron beam patterning of resist 
on electrically insulating films such as the a-C:H films. After resist imaging, the a-C:H 
"film can be etched using reactive ion etching (RIE) in an oxygen plasma. The quartz acts 
as an etch stop. After resist stripping the mask is ready Tor use. This fabrication process 
is shown schematically in Fig. 6. On surface 62 of quartz substrate 60 an amorphous 
carbon film 64 is sputtered according to the present invention. A photoresist 66 is 
deposited onto film 64 and patterned. An oxygen RIE is used to etch a pattern through 
the patterned photoresist in the amorphous carbon film 64. The photoresist is removed 
leaving a phase shift mask 68. 



Alternatively, if an electron beam is used to pattern the film the fabrication process is 
outlined below and shown schematically- in Fig. 7. A blanket amorphous carbon film 
70 is deposited onto surface 72 or quartz substrate 74. Since electron beam patterning 
produces charging of the insulating a-C:H film, a thin metal layer 76 (Al, Cr, Ti. ) is be 
deposited on top of the amorphous carbon film. Then photoresist 78 is spun onto the 
structure, exposed to an electron beam writer and developed. By using a wet or dry etch 
the metal film is pallet ncd 80 and then the resist is stripped. The amorphous carbon film 
is very resistant to chemicals and dry etch gases used for metal etching and thus acts as 
an etch slop. The amorphous carbon film is then etched to form pattern 82 in an oxygen 
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plasma by RIE with the thin metal layer acting as an etch mask. Finally, the metal la; 
is removed by wet chemical etch, leaving a patterned amorphous carbon Him on the 
quartz substrate. The mask 84 is then ready to be used. 

While the present invention has been described with respect to preferred cmbodimcn 
numerous modifications, changes, and improvements will occur to those skilled in th< 
art without departing from the spirit and scope of the invention. 
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ROC (Taiwan) Patent Application No. S410 
Amended Claims (October 1997 ) 



Having thus described our invention, what we claim as new, and desire to secure by 
Letters Patent is: 

1. A method of depositing an amorphous hydrogenated carbon film onto a substrate 
by reactive sputter deposition which comprises the steps of: 

providing a process gas containing argon, hydrogen, and a rcactant gas 
containing oxygen, a hydrocarbon and helium gases; 

providing a deposition chamber containing said substrate, an ion gun lo prcclcan 
said substrate and a graphite target and a pumping means to evacuate said 
chamber; 

introducing a prcclcauing gas containing an inert gas through an ion gun, 
producing an energetic flux of said prcclcaning gas in ionic form and using said 
prcclcaning gas to prcclcan said substrate; 

introducing said process gas into the chamber, applying a dc bias voltage to the 
graphite target, and rcactivcly sputter depositing an amorphous hydrogenated 
carbon film on said substrate. 

2. A method according to Claim I wherein the hydrocarbon is an unsaturated or 
saturated compound. 

3. A method according to claim 2 wherein the saturated hydrocarbon is an alkanc 
compound. 

4. A method according to Claim 3 wherein the alkanc compound is selected From the 
group consisting of methane, ethane, propane and butane. 

5. A method according to claim 4 wherein the alkanc is methane. 
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6. A method according to Claim 2 wherein the unsaturated hydrocarbon is selected 
from the group consisting of an alkene or an alkync. 

7. A method according to Claim 6 wherein the alkenc compound is selected from the 
group consisting of ethene, propene, isobutenc and n-butenc. 

8. A method according to Claim 6 wherein the alkync compound is selected from the 
group consisting of acetylene, propyne, 1-butyne and 2-butyne. 

9. A method according to Claim 8 wherein the alkync compound is acetylene. 

10. A method according to Claim 1 wherein all said argon, said hydrogen, said 
oxygen, said hydrocarbon and said helium gases are essentially pure. 

1 I. A method according to Claim 10 wherein said argon, said hydrogen, said oxygen, 
said hydrocarbon and said helium gases arc 9S.5 to 99.99% pure. 

12. A method according to Claim 1 wherein said hydrocarbon gas is heavily diluted 
with helium to produce a diluted gas- 

13. A method according to Claim 12 wherein said diluted gas comprises from 
50% to 1% hydrocarbon and 50% to 99% helium. 

14. A method according to Claim- 12 wherein said diluted gas comprises 2% 
acetylene and 9S% helium. 

15. A method according to Claim I wherein said process gas is introduced into said 
chamber at total flow rates of I to 100 seem and at a total pressure of 1 to 20 mTorr. 

16. A method according to Claim 15 wherein said flow rale is 5 to 100 seem. 

17. A method according to Claim 16 wherein said flow ir.tc is 20 seem. 

18. A method according to Claim 15 wherein said flow rate of said argon gas is 1 
to 1 00 seem. 

19. A method according to Claim 18 wherein flow rate or said argon is 7 seem. 
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20. A method according to Claim 15 wherein said flow rate of said hydrogen gas is 

0 to 10 seem. 

21. A method according to Claim 20 wherein said flow rate of said hydrogen gas is 

1 seem. 

22. A method according to Claim 15 wherein the flow rate of said oxygen gas is I 
to 1 0 seem. 

23. A method according to Claim 15 wherein a ratio of flow rates of said reactant 
gas mixture to argon gas to hydrogen gas is 20:7: L 

24. A method according to Claim 23 further including an oxygen gas flow added in 
the amount to 1% of said total flow rate. 

25. A method according to Claim 1 wherein the graphite target is biased wiih a 
negative dc voltage of from 300 to 800 volts. 

26. A method according to Claim 25 wherein the dc bins of the target is 500 
volts. 

27. A method according to Claim 1 wherein a dc power density applied to said 
graphite target is from 0.8 to 20^watts/sq. cm. 

28. A method according to Claim 27 wherein said dc power density to said graphite 
target is 2 watts/sq. cm. 

29. A method according to Claim 1 wherein the said substrate is prcclcancd with a 
plasma of or an ion beam of argon or argon and oxygen prior to the deposition of 
said amorphous hydrogenated carbon film. 

30. A method according to Claim I wherein said amorphous hydrogenated carbon 
film deposited an amorphous crystal structure containing hydrogen. 
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31. A method according lo Claim I wherein said amorphous hydrogenaied carbon 
film has a thickness of 500 to 5,000A. 

32. A method according to Claim I wherein said amorphous hydrogenaied carbon 
film has a thickness of 1000 to 2500A. 

33. A method according to Claim I wherein said substrate is selected from the group 
consisting of a glass plate or a quartz plate. 

34. A method according to Claim I wherein said amorphous hydrogenated carbon 
film is deposited at a rale of 20 A/min to 400 A/min. 

35. A method according to Claim I wherein said amorphous hydrogenated carbon 
film is deposited at a rate of t>5 A/min. 

36. A method according to Claim 1 wherein said amorphous hydrogenated carbon 
film has an optical transmission of 0.5% to 10% at the wavelengths of 365 nm, 248 
nm or 193 nm. 

37. A method according to Claim 1 wherein said amorphous hydrogenaied carbon 
film has less lhan 80% transmission at 48S nm wavelength. 

38. A method according lo Clainwl wherein the amorphous hydrogenaied carbon 
film has a refractive index of 1.6 to 2.2 at 365 nm, 248 nm and 193 nm. 

39. A method according to Claim I wherein the said substrate is preheated tin the 
range of 25 to 400°C to adjust an optical transmission of said substrate at the said 
wavelengths. 

40. A method according to Claim I wherein said amorphous hydrogenated carbon 
film having an optical transmission is annealed at a temperature of 100 to 400~C to 
adjust said optical transmission. 
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41. A method according to Claim 1 further including the step of patterning said 
amorphous hydrogenated carbon film by reactive ion etching in an oxygen plasma 
to form a patterned layer on said substrate. 

42. A method according to Claim I wherein said amorphous hydrogenated carbon 
film is patterned by a 193nm laser ablation process to form a patterned layer on said 
substrate. 

43. A method according to Claim 41 wherein said patterned amorphous 
hydrogenated carbon layer has a refractive indexes at 365 nm, 248 nm or 193 nm 
such that it can be used as a single layer attenuated phase shift mask at 365 nm, 24S 

inn \j i i j it iii »va vi,iLii^in^. 

44. A method according to Claim 42 wherein a thickness of the said amorphous 
hydrogenated carbon layer and its refractive index arc such that it can be used as a 
single layer attenuated phase shift mask at 365 nm, 24S nm or 193 nm wavelengths. 

45. A method according to Claim 41 wherein an optical density of said amorphous 
hydrogenated carbon layer at 365, 24S or 193 nm wavelengths is in the range of ! 
to 3 so that it can be used as a conventional photolithographic mask at said 
wavelengths. 

46. A method according to Claim 42 wherein an optical density of said amorphous 
carbon layer at 365, 24S or 193 nm wavelengths is in the range of I to 3 so that it 
can be used as a con vcntional photolithographic mask at said wavelengths. 

47. A method of depositing an amorphous hydrogenated carbon film onto a 
substrate comprising the steps of: 

exposing said substrate to a prccleaning gas; 
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providing a gas which contains hydrogen, oxygen and helium. 

providing a graphite target; 

applying a voltage to said graphite target; 

directing at said graphite target a particle beam to sputter deposition on snid 
substrate an amorphous hydrogenated carbon film. 

48. A method of depositing a diamond-like carbon film onto a substrate by sputter 
vapor deposition which comprises the steps of: 

admixing a gas of a hydrocarbon and helium; 

providing a sputter chamber containing said substrate and a carbon containing 
target; and 

introducing said gas mixture xnto said sputter chamber to deposit an 
atorphous carbon film on said substrate/ said amorphous carbon film 
having film t ransmi t tance from 0.01% to 20% to be used 
as binary and phase shift mask from 190 to 365 ran. 
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